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[57] ABSTRACT

A low coherence light beam 1s split into first and second light
beams, and the frequency of the first light beam is shifted.
The first and second light beams are then combined with
cach other at a position at which the optical path difference
between the two light beams is larger than the coherence
length of the low coherence light beam. The combined light
beam 1s guided to a position 1n the vicimity of a medium
having light scattering properties and split into a third light
beam, which travels reversely to the direction of travel of the
combined light beam, and a fourth light beam, which is
irradiated to the medium. A light beam scattered backwardly
from a predetermined depth in the medium is caused to
interfere with the third light beam, and the intensity of the
resulting interference light beam 1s detected. Optical hetero-
dyne detection of the intensity of the backward scattered
light beam is carried out in accordance with the detected
intensity of the interference light beam, and information
representing the microstructure of the predetermined deed
portion in the medium 18 thereby obtained.

7 Claims, 3 Drawing Sheets
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METHOD AND APPARATUS FOR
EMPLOYING A LIGHT SOURCE AND
HETERODYNE INTERFEROMETER FOR
OBTAINING INFORMATION
REPRESENTING THE MICROSTRUCTURE
OF A MEDIUM AT VARIOUS DEPTHS
THEREIN

BACKGROUND OF THE INVENTION

1. Field of the Invention

This mnvention relates to a method and apparatus for
obtaining tomographic information. This invention particu-
larly relates to a method and apparatus for obtaining tomo-
graphic information, wherein a light beam scattered back-
wardly from a medium having light scattering properties is
detected, and information representing the microstructure at
the surface of the medium or at a portion deep from the
surface of the medium is obtained from the backward
scattered light beam.

2. Description of the Prior Art

Various methods and apparatuses for obtaining tomo-
graphic information have heretofore been proposed wherein
tomographic information, such as a tomographic image, of
a medium having light scattering properties, such as a living
body, 1s obtained such that the medium may not be invaded.

As one of the methods for obtaining tomographic infor-
mation, optical coherence tomography (hereinafter referred
to as OCT) has heretofore been used. With the OCT, a low
coherence light beam is split into a light beam, which is to
be irradiated to a medium, and a reference light beam, and
a Michelson type of interferometer is constituted by the two
split light beams. Optical heterodyne detection is carried out
on the interference light beam, which is obtained from the
interferometer, and the intensity of a light beam scattered
backwardly from the medium is thereby detected. From the
detected intensity of the backward scattered light beam, the
tomographic information at the surface of the medium or a
deep portion in the medium is obtained. Tomographic infor-
mation at an arbitrary deep potion in the medium can be
obtained by modulating the optical path length of the
reference light.

However, with the OCT, the coherence length of the low
coherence light beam is short. Therefore, in cases where the

medium, the tomographic information of which is to be

obtained, 1s very large and must therefore be located at a
position away from the position at which the low coherence
light beam is split into the light beam to be irradiated to the
medium and the reference light beam, it is necessary for the
reference light beam to follow a long optical path from the
position at which the two light beams are split from each
other. Accordingly, the problems occur in that, in order for
the variability of the optical path length to be kept large, the
size of the apparatus for obtaining tomographic information
cannot be kept small.

As a technique for solving the problems described above,
a technique, wherein a reference light beam and a light beam
to be irradiated to a medium are respectively guided through
different single mode optical fiber bundles, has been pro-
posed by David Huang, et al. in “Science,” 1991, Vol. 254,
pp. 1178-1181. With the proposed technique, a frequency
shifting mechanism for shifting the frequency of the refer-
ence light beam 1s located in the optical path of the reference
light beam, and a heterodyne signal is thereby obtained.
Also, a mechanical mechanism for quickly displacing the
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leading end of the optical path of the light beam to be
irradiated to the medium, 1.e. the leading end of the single
mode optical fiber bundle, along the optical axis direction is
provided, and the information in the depth direction in the
region inside of the medium is thereby obtained.

However, with the conventional technique described
above, the leading end of the single mode optical fiber
bundle must be displaced quickly by the mechanical mecha-
nism. In addition, the single mode optical fiber bundle,
through which the reference light beam passes, and thc
single mode optical fiber bundie, through which the light
beam to be irradiated to the medium passes, are independent
of each other. Therefore, the two single mode optical fiber
bundles are liable to be affected in different manners by
external vibrations or thermal disturbance. Accordingly, the
frequency of a beat signal generated from the interference
between the light beam, which has been irradiated to the
medium and has thereafter been scattered backwardly from
the medium, and the reference light beam, the frequency of
which has been shifted, 1s affected in an unexpected manner
by the external vibrations or thermal disturbance. In such
cases, a signal, which has a low signal-to-noise ratio (S/N
ratio), 1s obtained from the optical heterodyne detection.

Also, the conventional technique described above has the
problems in that a long time is required for the two-
dimensional scanning of the leading end of the single mode
optical fiber bundle. In cases where image optical fiber
bundles (ordinarily, multimode image optical fiber bundies)
are employed in order to solve such problems, there is the
risk that mode coupling occurs with each of the light beams,
which are guided through the respective optical fiber
bundles, due to external vibrations or thermal disturbance
applied independently to the respective optical fiber bundles.
A light beam resulting from superposition of the light beams,
which have suffered from different mode coupling during
the passage through the respective optical fiber bundies, one
upon the other will have no significant effect.

SUMMARY OF THE INVENTION

The primary objec: «{ the present invention is to provide
a method for obtaining tomographic information wherein, in
cases where light beams are guided without an optical fiber
bundle being utilized, an optical path of a light beam to be
irraciated to a medium and an optical path of a reference
ligi' = zm need noi necessarily be provided independently
of cacn other.

Another object of the present invention is to provide a
method for obtaining tomographic information wherein, in
cases where light beams are guided through an optical fiber
bundle 1o a position in the vicinity of a medium and are
caused to scan the surface of the medium in two directions,
a mechanical mechanism for quickly displacing the leading
end of the optical fiber bundle need not necessarily be
provided.

A further object of the present invention is to provide a
method for obtaining tomographic information wherein,
even 1f external vibrations or thermal disturbance occur on
an optical fiber bundie, or the like, tomographic information
of a medium having light scattering properties is obtained
with a high S/N ratio.

The specific object of the present invention is to provide
an apparatus for carrying out the method for obtaining
tomographic information.

With a method for obtaining tomographic information in
accordance with the present invention, a low coherence light
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beam is split into a light beam, the frequency of which is
shifted from its original frequency, and a light beam having
the original frequency. The two split light beams are passed
through optical paths, which have a certain value of optical
path diiference, specifically an optical path difference larger
than the coherence length of the low coherence light beam,
therebetween. The two split light beams are then combined
with each other such that they may not interfere with each
other. The combined light beam, which is thus obtained by
combining the two split light beams, is caused to follow a
single optical path and to travel to a position in the vicinity
of a medium. Thereafter, part of the combined light beam,
which has traveled to the position in the vicinity of the
medium, 1S caused to travel reversely to the direction of
travel of the combined light beam, and the remaining part of
the combined light beam is irradiated to the medium. The
light beam, the direction of travel of which has thus been
reversed, contains the component of the light beam, the
frequency of which has been shifted from its original
frequency, and the component of the light beam having the
original frequency, the components of the two light beams
having the optical path difference described above. Also, as
in the light beam, the direction of travel of which has been
reversed, the light beam irradiated to the medium contains
such components of the two light beams.

The light beam, which has thus been irradiated to the
medium, 1S reflected or scattered from the surface of the
medium or a portion of the medium deep from its surface.
The backward scattered light beam, which has thus been
reflected or scattered from the surface of the medium or a
deep portion in the medium, travels in the same direction as
the aforesaid light beam, the direction of travel of which has
been reversed. The backward scattered light beam is then
combined with the aforesaid light beam, the direction of
travel of which has been reversed. The light beam, which has
been irradiated to the medium and reflected or scattered by
the medium, passes through the optical path, which is longer
than the optical path of the aforesaid light beam, the direc-
tion of travel of which has been reversed. Therefore, when
the backward scattered light beam is combined with the
aforesaid light beam, the direction of travel of which has
been reversed, the component of the light beam, which is
one of the components of the two light beams having the
atoresaid optical path difference therebetween and consti-
tuting the aforesaid reversed light beam, and which has
passed through the optical path having the longer optical
path length than the optical path length of the other com-
ponent, is caused to interfere with the component of the light
beam, which is one of the components of the two light beams
having the aforesaid optical path difference therebetween
and constituting the backward scattered light beam, and
which has passed through the optical path having the shorter
optical path length than the optical path length of the other
component. The beat signal resulting from the interference
18 detected, and tomographic information of the medium is
then obtained from the detected beat signal.

Specifically, the present invention provides a method for
obtaining tomographic information, comprising the steps of:

i) splitting a low coherence light beam into a first light
beam and a second light beam, which travel along two
different optical paths,

11) shifting the frequency of the first light beam to a
frequency, which is slightly different from the original
frequency of the first light beam,

1ii) combining the first light beam, the frequency of which
has been shifted, and the second light beam with each
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other at a position at which the optical path difference
between the first light beam and the second light beam
1s larger than the coherence length of the low coherence
light beam,

iv) guiding the combined light beam, which has thus been
obtained by combining the first light beam and the
second light beam with each other, to a position in the
vicinity of a medium, which has light scattering prop-
erties and tomographic information of which is to be
obtained,

v) spliiting the combined light beam, which has thus been
guided to the position in the vicinity of the medium
having light scattering properties, into a third light
beam, which travels reversely to the direction of travel
of the combined light beam, and a fourth light beam,
which continues to travel along the direction of travel
of the combined light beam and is thus irradiated to the
medium-having light scattering properties,

vi) combining a backward scattered light beam, which
comes from the medium having light scattering prop-
erties when the fourth light beam 1is irradiated to the

medium having light scattering properties, and the third
light beam with each other,

vil) detecting the intensity of an interference light beam
obtained from interference of:

a) the light beam component, which is one of the
components of the first light beam and the second
hight beam constituting the third light beam and
which has passed through the optical path having the
longer optical path length than the optical path length
of the other component, the optical path length being
taken from the position, at which the first light beam
and the second light beam are split from each other,
to the position, at which the first light beam and the
second light beam are thereafter combined with each
other, and

b) the light beam component, which is one of the
components of the first light beam and the second
light beam constituting the backward scattered light
beam and which has passed through the optical path
having the shorter optical path length than the optical
path length of the other component, the optical path
length being taken from the position, at which the
first light beam and the second light beam are split
from each other, to the position, at which the first
light beam and the second light beam are thereafter
combined with each other, and

viil) carrying out optical heterodyne detection of the
intensity of the backward scattered light beam in
accordance with the detected intensity of the inter-
ference light beam, whereby information represent-
ing the microstructure of a predetermined deep por-
tion in the medium having light scattering properties
1S obtained.

The method for obtaining tomographic information in
accordance with the present invention may be modified such
that the optical path difference may be modulated arbitrarily.
In such cases, the information representing the microstruc-
ture of an arbitrary deep portion in the medium having light
scattering properties can be obtained.

By way of example, as the low coherence light beam, a
light beam, which is produced by a super-luminescent diode
(SLD) and has a coherence length falling within the range of
40 pm to 50 um, or a light beam, which is produced by a
light emitting diode (LED) has a coherence length falling
within the range of 0 to 20 um, may be employed. A light
beam produced by an SLD has good directivity and should
preferably be employed as the low coherence light beam.




5,555,087

S

The backward scattered light beam contains not only the
light beam, which 1s scattered backwardly from a deep
portion in the medium, but also the light beam, which 1is
reflected from the surface of the medium. The position of the
surface or the deep portion corresponds to the difference
between the optical path length of the first light beam and the
optical path length of the second light beam.

The term “backward scattered light beam™ as used herein
means the light beam, which is scattered by a microstruc-
ture, such as a light scattering substance, of the medium and
is thus radiated out of the medium in the direction reverse to

the direction of incidence of the light beam upon the
medium.

The present invention also provides an apparatus for
carrying out the method for obtaining tomographic infor-
mation in accordance with the present invention. Specifi-
cally, the present invention also provides an apparatus for
obtaining tomographic information, comprising:

1) a light source for producing a low coherence light beam,

11) an optical system for splitting the low coherence light
beam, which has been produced by the light source,
into a first light beam and a second light beam, which
travel along two different optical paths, and combining
the first light beam and the second light beam with each
other at a position at which the optical path difference

between the first light beam and the second light beam
1s larger than the coherence length of the low coherence
light beam,

111) a frequency shifter for shifting the frequency of the
first light beam to a frequency, which is slightly dif-
ferent from the original frequency of the first light
beam,

1v) a light guide means for guiding the combined light
beam, which has thus been obtained by combining the
first light beam and the second light beam with each
other, to a position in the vicinity of a medium, which
has light scattering properties and tomographic infor-
mation of which 1s to be obtained,

v) an optical member for splitting the combined light
beam, which has thus been guided to the position in the

vicinity of the medium having light scattering proper-
ties, into a third light beam, which travels reversely to

the direction of travel of the combined light beam, and
a fourth light beam, which continues to travel along the
direction of travel ot the combined light beam and is
thus irradiated to the medium having light scattering
properties, the optical member thereafter combining a
backward scattered light beam, which comes {rom the
medium having light scattering properties when the
tourth light beam 1s 1rradiated to the medium having
light scattering properties, and the third light beam with
each other,

vi) a photodetector for detecting the intensity of an
interference light beam obtained from interference of:
a) the light beam component, which 1s one of the
components of the first light beam and the second
light beam constituting the third light beam and
which has passed through the optical path having the
longer optical path length than the optical path length
of the other component, the optical path length being
taken from the position, at which the first light beam
and the second light beam are split from each other,
to the position, at which the first light beam and the
second light beam are thereafter combined with each
other, and

b) the light beam component, which is one of the
components of the first light beam and the second
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light beam constituting the backward scattered hight
beam and which has passed through the optical path
having the shorter optical path length than the optical
path length of the other component, the optical path
length being taken from the position, at which the
first light beam and the second light beam are split
from each other, to the position, at which the first
light beam and the second light beam are thereafter
combined with each other, and

vi1) an optical heterodyne detection means for detecting
the intensity of the backward scattered light beam in
accordance with the intensity of the interference light
beam, which has been detected by the photodetector,

whereby information representing the microstructure of a
predetermined deep portion in the medium having light
scattering properties is obtained.

The apparatus for obtaining tomographic information in
accordance with the present invention may be modified such
that an optical path length modulating means may be located
in either one of the optical path of the first light beam and
the optical path of the second light beam. In such cases, the
information representing the microstructure of an arbitrary
deep portion in the medium having hight scattering proper-
ties can be obtained by modulating the optical path length of
the optical path, in which the optical path length modulating
means is located.

As the optical member, a semi-transparent mirror may be
employed. Also, as the light guide means, an optical fiber
bundle may be employed. As the optical fiber bundle, a
single mode optical fiber bundle or an image optical fiber
bundie (multimode) may be used.

In cases where an image optical fiber bundle 1s employed
or in cases where a plurality of single mode optical fiber
bundles are bundled and utilized in the same manner as in
the image optical fiber bundie, the tomographic information
of the medium can be obtained in two directions and
simultaneously. Also, in such cases, a two-dimensional
image representing the tomographic information of the
medium can be obtained. Further, the tomographic informa-
tion of the medium can be obtained in two directions and
stmultaneously by employing a scanning means for scanning
the light guide means and the optical member together or for
scanming the optical fiber bundle in two directions in a plane,
which 1s normal to the direction along which the light guide
means or the optical fiber bundle extends.

With the method and apparatus for obtaining tomographic
information in accordance with the present invention, the
low coherence light beam is split into the two light beams,
and the two split light beams are then combined with each
other. Before the two split light beams are combined with
each other, the frequency of either one of the two split light
beams 1is shifted slightly. Therefore, if the optical path
lengths of the two split light beams are approximately equal
to each other, an interference light beam, the optical inten-
sity of which repeatedly becomes high and low at a fre-
quency equal to the difference between the frequencies of
the two split light beams, will occur when the two split light
beams are superposed one upon the other. However, with the
method and apparatus for obtaiming tomographic informa-
fion in accordance with the present invention, the optical
path difference between the two split light beams is set to be
larger than the coherence length of the low coherence light
beam. Therefore, when the two split light beams are super-
posed one upon the other, no interference light beam occurs.
The superposed light beam (i.e., the combined light beam),
which 1s obtained by superposing the two split light beams
one upon the other, serves as the light beam composed of
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two light beams, which have slightly different frequencies
and have passed through the optical paths having different
optical path lengths.

The combined light beam travels along the predetermined
optical path to the position in the vicinity of the medium.
Thereafter, part of the combined light beam is caused to
travel reversely to the direction of travel of the combined
light beam. The remaining part of the combined light beam
continues to travel along the direction of travel of the
combined light beam and is thus irradiated to the medium.

When the remaining part of the combined light beam is
irradiated to the medium, the backward scattered light beam
occurs from the medium. The backward scattered light beam
1s then combined with the light beam, the direction of travel
of which has been reversed. The optical path length of the
light beam, which has been irradiated to the medium and is
then combined as the backward scattered light beam with the
light beam, the direction of travel of which has been
reversed, 18 longer by the length of the optical path from the
posttion, at which the two light beams were split from each
other, to the position, at which the two light beams are
combined with each other, than the optical path length of the
light beam, the direction of travel of which has been
reversed. Therefore, when the backward scattered light
beam is combined with the aforesaid light beam, the direc-
tion of travel of which has been reversed, the component of
the light beam, which is one of the components of the two
light beams having the aforesaid optical path difference
therebetween and constituting the aforesaid reversed light
beam, and which has passed through the optical path having
the longer optical path length than the optical path length of
the other component, is caused to interfere with the com-
ponent of the light beam, which is one of the components of
the two light beams having the aforesaid optical path dif-
ference therebetween and constituting the backward scat-
tered light beam, and which has passed through the optical
path having the shorter optical path length than the optical
path length of the other component. In this manner, the
interference light beam occurs.

The backward scattered light beam is radiated from
various positions with respect to the depth direction of the
medium, which direction coincides with the direction along
which the light beam is irradiated to the medium. The
backward scattered light beam that undergoes the interfer-
ence is limited to the light, which is radiated from the
predetermined position in accordance with the optical path
difference described above. This is because the light beam is
the low coherence light beam having a short coherence
length.

The 1ntensity of the interference light beam having been
obtained in the manner described above is detected. Optical
heterodyne detection of the intensity of the backward scat-
tered light beam is carried out in accordance with the
detected intensity of the interference light beam. The inten-
sity of the backward scattered light beam, which has thus
been detected, carries the information representing the
microstructure at the predetermined depth in the medium.
Therefore, the tomographic information of the medium can
be obtained in accordance with the intensity of the backward
scattered light beam.

As described above, with the method and apparatus for
obtaining tomographic information in accordance with the
present invention, both the reference light beam and the
signal light beam carrying the tomographic information of
the medium pass through the same optical path. Therefore,
even if external vibrations or thermal disturbance occurs on
the two light beams, the external vibrations or the thermal
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disturbance will not have different effects on the two light
beams. Therefore, the intensity of the signal light beam can
be detected with a high S/N ratio, and the tomographic
information of the medium can be obtained with a high S/N
ratio.

Also, 1n cases where the length of the optical path of at
least either one of the two split light beams is modulated, the
tomographic information at an arbitrary depth in the medium
can be obtained.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram showing an embodiment of the
apparatus for obtaining tomographic information in accor-
dance with the present invention,

FIG. 2 is an explanatory view showing how a combined

light beam a3 works after entering an image optical fiber
bundle 40, and

FIG. 3 is a graph showing how the phase of a second light
beamn a2 is swept in a saw tooth wave form by a piezo-
electric device 32.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention will hereinbelow be described in
further detail with reference to the accompanying drawings.

FIG. 1 is a block diagram showing an embodiment of the
apparatus for obtaining tomographic information in accor-
dance with the present invention. The apparatus for obtain-
ing tomographic information, which is shown in FIG. 1,
comprises an SLD (super-luminescent diode) light source 20
for producing an SLD light beam having a frequency 0,
and a collimator lens 21 for collimating the light beam,
which has been produced by the SLD light source 20. The
apparatus for obtaining tomographic information also com-
prises beam splitters 22, 23 and mirrors 24, 25 for splitting
the SLD light beam, which has been collimated by the
collimator lens 21, into a first light beam al and a second
light beam a2, causing the first light beam al and the second
light beam a2 to travel respectively along a first optical path
S1 having an optical path length L.1 and a second optical
path S2 having an optical path length L2 (wherein
L2~-L1>L0, where L0 represents the coherence length of the
SLD light beam produced by the SLD light source 20), and
thereafter superposing the first light beam al and the second
light beam a2 one upon the other. The apparatus for obtain-
ing tomographic information further comprises a piezo-
eleciric device 32, which is located in the second optical
path S2 and which sweeps the phase of the second light
beam a2 in a saw tooth wave form and thereby shifts the
frequency of the second light beam a2 to a frequency wl
shghtly different from the original frequency ®0, and a saw
tooth wave generating drive circuit 33 for generating a
signal, which drives the piezo-electric device 32. The appa-
ratus for obtaining tomographic information still further
comprises an optical path length modulating means 37 for
modulating the optical path length L2 of the second optical
path 82, and a drive circuit 36 for driving the optical path
length modulating means 37. The apparatus for obtaining
tomographic information also comprises a multimode image
optical fiber bundle 40 for guiding a combined light beam
a3, which has been obtained from the beam splitter 23, to a
position in the vicinity of a medium 10, and a semi-
transparent mirror 41, which is located on the end face of the
image optical fiber bundle 40 on the side of the medium 10.
The apparatus for obtaining tomographic information fur-
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ther comprises a condensing lens 43 for condensing a light
beam a5, which 1s radiated out of the image optical fiber
bundle 40. The apparatus for obtaining tomographic infor-
mation still further comprises a beam splitter 42, which is
located in the optical path of the combined light beam a3
impinging upon the image opticai fiber bundie 40 and which
changes the direction of travel of a light beam a7 retumning
from the image optical fiber bundle 40 (i.e. the light beam
traveling reversely to the direction of incidence upon the
1mage optical fiber bundle 40). The apparatus for obtaining
tomographic information also comprises a condensing lens
44 for condensing the light beam a7, the direction of travel
of which has been changed by the beam splitter 42, and a
two-dimensional array photodetector 30 for detecting the
light beam condensed by the condensing lens 44. The
apparatus for obtaining tomographic information further
comprises a band-pass filter 34, which allows a signal

having a frequency of a predetermined band to pass there-
through, and a level detector 35 for detecting the level of the
signal having passed through the band-pass filter 34. The
apparatus for obtaining tomographic information still further
comprises a signal processing unit 31 for calculating the
intensity of a backward scattered light beam a6, which has
been scattered from a predetermined depth in the medium,
with the optical heterodyne detection technique in accor-
dance with the signal level, which has been detected by the
level detector 35, a signal, which is received from the saw
tooth wave generating drive circuit 33 and represents the
shifted frequency wl of the second light beam a2, and a
signal, which is received from the drive circuit 36 and
represents the optical path length L2 of the second optical
path S2 after being modulated. The signal processing unit 31
thereafter obtains the information representing the micro-
structure with respect to the depth direction of the medium
10 in accordance with the calculated intensity of the back-
ward scattered light beam a6.

The term “optical path length L1 as used herein means
the optical path length taken along the first optical path S1
between the beam splitter 22 and the beam splitter 23. Also,
the term “optical path length L2” as used herein means the
optical path length taken along the second optical path S2
between the beam splitter 22 and the beam splitier 23. In
general, the coherence length L0 takes a value falling within
the range of approximately 40 um to approximately 50 um.

How this embodiment works will be described hereinbe-
low.

The SLD light beam, which has been produced by the
SLD light source 20 and has the frequency w0, is collimated
by the collimator lens 21. The collimated light beam is split
by the beam splitter 22 into the first light beam al, which
travels along the first optical path S1 having the optical path
length L1, and the second light beam a2, which travels along
the second optical path S2 having the optical path length L2.
The frequency of the first light beam al is kept at the original
frequency w0, and the first light beam al having the fre-
quency wi impinges upon the beam splitter 23.

The optical path length 1.2 of the second optical path S2
1s originally set by the optical path length modulating means
37 at a predetermined value, which satisfies the condition of
(L2-1.1)>L.0. Also, as illustrated in FIG. 3, the phase of the
second light beam a2 i1s swept in the saw tooth wave form
by the mirror 25, which is driven by the piezo-electric device
32 1n the saw tooth wave pattern. In this manner, the
frequency of the second light beam a2 is shifted from the
original frequency 0 to the slightly different frequency wl,
and the second light beam a2 having the frequency wl
impinges upon the beam splitter 23.
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The two light beams al and a2 impinging upon the beam
splitter 23 are combined with each other by the beam splitter
23, and the combined light beam a3 is thereby obtained. The
combined light beam a3 passes through the beam splitter 42
and 1impinges upon the image optical fiber bundle 40. The
optical path difference AL (=L2-L.1) between the optical
paths of the two light beams al and a2, which are combined
with each other, is larger than the coherence length LO.
Therefore, the combined light beam a3 is composed of the
two light beams al and a2, which are merely superposed one
upon the other without interfering with each other.

FIG. 2 1s an explanatory view showing how the combined
light beam a3 works after entering the image optical fiber
bundle 40. As illustrated in FIG. 2, the combined light beam
a3 impinging upon the image optical fiber bundle 40 is
guided through the image optical fiber bundle 40 to the
postition in the vicinity of the medium 10, i.e. to the position
spaced a distance of (Al-Ad) from the surface of the
medium 10. After the combined light beam a3 has been
guided to the position in the vicinity of the medium 10, part
of the combined light beam a3 (this part will hereinafter be
referred to as the third light beam a4) is reflected by the
semi-transparent mirror 41, which is located at the end of the
image optical fiber bundie 40 on the side of the medium 10.
The direction of travel of the third light beam a4 is thus
reversed, and the third light beam a4 returns through the
image optical fiber bundle 40. The remaining part of the
combined light beam a3 (this part will hereinafter be
referred to as the light beam aS) passes through the semi-
transparent mirror 41 and emanates from the image optical
fiber bundle 40. The light beam aS 1s then condensed by the
condensing lens 43 and is irradiated to medium 10.

The light beam a$, which has thus been irradiated to the
medium 10, is reflected ifrom the surface of the medium 10
or 1s scattered by the light scattering substance contained in

the medium 14. Of the light beam having thus been reflected
or scattered, the backward scattered light beam aé passes

through the condensing lens 43 and again impinges upon the
image optical fiber bundle 40. The backward scaitered light
beam a6 contains not only the light, which has been scat-
tered at a predetermined depth in the medium 10, but also the

light, which has been scattered at various depths Ad in the
medium 10.

When the backward scattered light beam (i.e. the fourth
light beam) a6, which contains the light scattered at various
depths Ad in the medium 10, impinges upon the image
optical fiber bundle 40, it is combined with the third light
beam a4, the direction of travel of which has been reversed
by the semi-transparent mirror 41.

Each of the third light beam a4 and the fourth light beam
a6 1s composed of the component of the first light beam al
(1.e., the light beam which has the frequency 0 and has
passed through the optical path having the optical path
length L1) and the component of the second light beam a2
(1.e., the light beam which has the frequency @1l and has
passed through the optical path having the optical path
length L2). Also, the optical path length of the fourth light
beam a6 is longer by a value equal to two times the optical
distance Al than the optical path length of the third light
beam a4. Therefore, when the third light beam a4 and the
fourth light beam a6 are combined with each other, in cases
where the optical distance (2xAl) is approximately equal to
the difference AL between the optical path length L1 of the
first light beam al and the optical path length L2 of the
second light beam a2, the component of the second light
beam a2, which is one of the components of the two light
beams constituting the third light beam a4, and which has
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passed through the optical path having the longer optical
path length than the optical path length of the other com-
ponent, is caused to interfere with the component of the first
light beam al, which is one of the components of the two
light beams constituting the fourth light beam a6, and which
has passed through the optical path having the shorter
optical path length than the optical path length of the other
component. In this manner, the interference light beam a7
occurs. The optical intensity of the interference light beam
al repeatedly becomes high and low at a frequency Aw(=
lw0—-wll) equal to the difference between the frequency @0
of the first light beam al and the frequency ®1 of the second
light beam aZ2.

The interference light beam a7, which has thus been
generated by the interference in the region inside of the
image optical fiber bundle 40, is radiated out of the other end
of the image optical fiber bundle 40. The direction of travel
of the interference light beam a7 is then changed by the
beam splitter 42, and the interference light beam a7
impinges upon the condensing lens 44. The intensity of the
interference light beam a7 is detected by the array of small
photo detecting elements of the two-dimensional array pho-
todetector 30. The detected optical intensity is photoelectri-
cally converted, and only the signal representing the optical
intensity repeatedly becoming high and low in the band
including the aforesaid difference frequency Aw is allowed
to pass through the band-pass filter 34. The value of the
signal 1s detected by the level detector 35.

The signal representing the intensity of the interference
light beam a7 is fed from the level detector 35 into the signal
processing unit 31 and is subjected to the optical heterodyne
detection. In this manner, the intensity of the light beam,
which 1s contained in the fourth light beam aé and has been
scattered from the predetermined depth in the medium 10, is

calculated. As described above, the optical intensity, which

has thus been calculated, represents the intensity of the light
beam scattered from the predetermined depth in the medium
10, and therefore carries the information representing the
microstructure located at the predetermined depth in the
medium 10.

The operation described above is carried out with each of
the fiber bundles, which constitute the image optical fiber
bundle 40, and each of the photo detecting elements of the
photodetector 30. In this manner, the information represent-
ing the two-dimensional microstructure located at the pre-
determined depth in the medium 10, i.e. the tomographic
information at the predetermined depth, can be obtained.
The optical path length modulating means 37 is driven by
the drive circuit 36 in order to modulate the optical path
length L.2 of the second optical path S2, and the tomographic
information at an arbitrary depth in accordance with the
optical path difference AL can thereby be obtained.

The tomographic information at an arbitrary depth in the
medium 10, which has thus been obtained, can be visualized

by an 1mage reproducing means, such as a cathode ray tube
(CRT) display device 38 shown in FIG. 1.

As described above, with the apparatus for obtaining
tomographic information in accordance with the present
invention, both the reference light beam, which is employed
for the optical heterodyne detection, and the signal light
beam carrying the tomographic information of the medium
pass through the same optical path. Therefore, even if
external vibrations or thermal disturbance occurs on the two
light beams, the external vibrations or the thermal distur-
bance will not have different effects on the two light beams.
Therefore, the intensity of the signal light beam can be
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detected with a high S/N ratio, and the tomographic infor-
mation of the medium can be obtained with a high S/N ratio.

The intensity of the backward scattered light beam a6
coming from the medium 10 is markedly lower than the
intensity of the light beam incident upon the medium 10.
Therefore, the transmittance of the semi-transparent mirror
41 should be adjusted appropriately such that the signal
representing the intensity of the interference light beam may
be opiimized. |

The optical path length 1.2 of the second optical path S2
need not necessarily be set to be longer than the optical path
length .1 of the first optical path S1 and may be set such that
(L1-1.2)/10. In such cases, if the optical distance (2xAl) is

approximately equal to the difference AL' (=L1-L2)
between the optical path length L1 of the first light beam al
and the optical path length L2 of the second light beam a2,
the component of the first light beam al, which is one of the

components of the two light beams constituting the third
light beam a4, and which has passed through the optical path
having the longer optical path length than the optical path
length of the other component, will be caused to interfere
with the component of the second light beam a2, which is
one of the components of the two light beams constituting
the fourth light beam aé, and which has passed through the
optical path having the shorter optical path length than the
optical path length of the other component. In this manner,
the interference light beam a7 occurs.

What 1is claimed 1is: | |

1. A method for obtaining tomographic information, com-
prising the steps of:

i) splitting a low coherence light beam into a first light
beam and a second light beam, which travel along first
and second optical paths, respectively,

11) shifting an original frequency of said first light beam to
a second frequency, which is slightly different from the
original frequency of said first light beam,

ii1) combining said first light beam, having the second
frequency, and said second light beam with each other
at a position at which an optical path difference
between said first optical path and said second optical
path is larger than a coherence length of said low
coherence light beam to produce a combined light
beam, said first and second optical paths being different
paths each beginning at a position at which said low
coherence light beam is split into said first and second
light beams and ending at a position at which said first
and second light beams are combined,

iv) guiding the combined light beam to a position in a
vicinity of a medium, which has light scattering prop- |
erties and tomographic information of which is to be
obtained,

v) splitting said combined light beam, which hag been
guided to the position in the vicinity of the medium,
into a third light beam, which travels reversely to a
direction of travel of said combined light beam, and a
fourth light beam, which continues to travel along the
direction of travel of said combined light beam and is
thus trradiated to the medium,

vi) combining a backward scattered light beam, which
comes from the medium when said fourth light beam is

irradiated onto the medium, and said third light beam
with each other,

vil) detecting an intensity of an interference light be

obtained from interference of:
a) a component of said first light beam and a component
of said second light beam constituting said third light
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beam and which has passed through a longer of said
first and second optical paths, and

b) a second component of said first light beam and a
second component of said second light beam con-
stituting said backward scattered light beam and
which has passed through a shorter of said first and
second optical paths,

vili) performing optical heterodyne detection of an inten-
sity of said backward scattered light beam in accor-
dance with the intensity of said interference light beam
detected in said detecting step, to obtain information
representing a microstructure of the medium at a pre-
determined depth in the medium, and

1x) modulating an optical path length of one of the first
and second optical paths arbitrarily to obtain informa-
tion representing the microstructure at an arbitrary
depth in the medium.

2. A method as defined in claim 1, further comprising the
step of positioning the medium relative to a beam splitting
position at which the combined light beam is split is step v)
so that twice a distance between the beam splitting position
and the predetermined depth within the medium is equal to
approximately a difference between the lengths of said first
and second optical paths.

3. A method as defined in claim 1, wherein said low
coherence light beam is a light beam, which is produced by
a super-luminescent diode.

4. An apparatus for obtaining tomographic information,
comprising:

1) a light source for producing a low coherence light beam,

11) an optical system for splitting said low coherence light
beam, which has been produced by said light source,
mnto a first light beam and a second light beam, which
travel along first and second optical paths, and com-
bining said first light beam and said second light beam
with each other at a position at which an optical path
difference between said first optical path and said
second optical path 1s larger than a coherence length of
said low coherence light beam, to produce a combined
light beam, said first and second optical paths being

different paths each beginning at a position at which

said low coherence light beam is split into said first and
second light beams and ending at a position at which
said first and second light beams are combined,

i11) a frequency shifter for shifting an original frequency
of said first light beam to a second frequency, which is
slightly different from the original frequency of said
first light beam,

1v) light guide means for guiding the combined light beam
{0 a position in a vicinity of a medium, which has light
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scattering properties and tomographic information of
which 1s to be obtained,

v) an optical member for splitting said combined light
beam, which has been guided to the position in the
vicinity of the medium, into a third light beam, which
travels reversely to a direction of travel of said com-
bmed light beam, and a fourth light beam, which
continues to travel along the direction of travel of said
combined light beam and is thus irradiated onto the
medium, said optical member thereafter combining a
backward scattered light beam, which comes from the
medium when said fourth light beam is irradiated onto
the medium, and said third light beam with each other,

v1) a photodetector for detecting an intensity of an inter-
ference light beam obtained from interference of:

a) one of a component of said first light beam and a
component of said second light beam constituting
said third light beam and which has passed through
a longer of said first and second optical paths, and

b) one of a second component of said first light beam
and a second component of said second light beam
constituting said backward scattered light beam and

which has passed through a shorter of said first and
second optical paths,

vii) an optical heterodyne detection means for detecting
an intensity of said backward scattered light beam in
accordance with the intensity of said interference light
beam, which has been detected by said photodetector,
to obtain information representing a microstructure of

the medium at a predetermined depth in the medium,
and

vili) an optical path length modulating means disposed in
either one of the first and second optical paths for
modulating a length of the one of the first and second
optical paths in which said optical path length modu-
lating means is disposed to obtain information repre-
senting the microstructure at an arbitrary depth in the
medium.

5. An apparatus as defined in claim 4, wherein said light

source 18 a super-luminescent diode.

6. An apparatus as defined in claim 4, wherein said optical
member is a semi-transparent mirror, and said light guide
means 1s an optical fiber bundle.

7. An apparatus as defined in claim 4, further comprising
means for positioning the medium relative to a beam split-
ting position at which the combined light beam is split is by
the optical member so that twice a distance between the
beam splitting position and the predetermined depth within
the medium is equal to approximately a difference between
the lengths of said first and second optical paths.
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